Superconducting magnets for accelerators were first suggested in the mid-60's and have since become one of the major components of modern particle colliders. Technological progress has been slow but steady for the last half-century, based primarily on Nb-Ti superconductor. That technology has reached its peak with the Large Hadron Collider (LHC). Despite the superior electromagnetic properties of Nb 3 Sn and adoption by early magnet pioneers, it is just now coming into use in accelerators though it has not yet reliably achieved fields close to the theoretical limit. The discovery of the High Temperature Superconductors (HTS) in the late '80's created tremendous excitement, but these materials, with tantalizing performance at high fields and temperatures, have not yet been successfully developed into accelerator magnet configurations. Thanks to relatively recent developments in both Bi-2212 and REBCO, and a more focused international effort on magnet development, the situation has changed dramatically. Early optimism has been replaced with a reality that could create a new paradigm in superconducting magnet technology. Using selected examples of magnet technology from the previous century to define the context, this paper will describe the possible innovations using HTS materials as the basis for a new paradigm.
Introduction
One of the first references to the use of superconducting magnets for accelerators was in a paper by Blewett, published in 1965 [1] . The primary challenges were in achieving the current in the magnet based on a measurement of a short sample of the conductor independent of the coil geometry. The concept of current sharing cables was proposed by Stekly and Zar [2] , an important step in the continued development of superconducting magnets in general. It is still an important performance aspect and, as will be discussed in the section on HTS magnets, a continuing challenge today. Unquestionably, the most influential event was the Brookhaven Summer Study in 1968 [3] where many important topics were discussed, including one of the most critical aspects of conductor performance; the relationship between strand diameter and stability against flux jumps.
Nb 3 Sn and Nb-Zr were early candidates for magnet conductor. However, the brittleness of Nb 3 Sn and the high temperature heat treatment that was required to create the superconducting phase, proved to be too much of a challenge in the early days of magnet development and despite having superior superconducting properties, the R&D community focused primarily on Nb-Ti. Only in the very late 20th century has Nb 3 Sn become a viable candidate for accelerator magnets. Nb-Zr was abandoned in 1967 due to the inability to produce an alloy with consistent properties.
In the late 1980's, the discovery of the High Temperature Superconductors (HTS) jolted the magnet R&D community. For High E-mail address: sagourlay@lbl.gov.
Energy Physics (HEP) applications the interest was more in the high field performance of the conductor rather than the higher operating temperature where the current density was lower. There were serious suggestions to halt development of the 6.6 T Nb-Ti dipoles for the Superconducting Supercollider (SSC) and focus on HTS. As we know, cooler heads prevailed and that was not the case. As hindsight has revealed, this would have been a devastating technology choice at the time. The failure of the SSC was not due to technological issues! There are two primary HTS materials that are sufficiently mature enough for the next step of magnet development; rare-earth barium copper oxide (REBCO) tapes ( Fig. 1 ) and Bi-2212 round strands (Fig. 2) . Iron-based superconductors [4] are on the horizon, and with a breakthrough could be a candidate within the next decade or so. REBCO has been successfully used to reach fields over 35 T in solenoids [5] and has achieved engineering current densities exceeding 1000 A/mm 2 .
The excitement over HTS, particularly for accelerator magnet applications, died rapidly due to the respective challenges in fabricating practical magnets. However, since their discovery 3 decades ago, development and investment by the Office of Energy Efficiency and Renewable Energy (EERE) and the DOE Office of High Energy Physics (OHEP) has resulted in superconductors that can now be considered for high field accelerator magnets. Current densities in these two conductors now rivals or exceeds the low temperature superconductors (LTS) at high field making them the only choice for magnets beyond the practical limit of Nb 3 Sn. US and EU to exploit the properties of HTS for high field accelerator magnets while mitigating the limitations. Utilizing the potential that HTS promises calls for an overall approach quite different from that used for LTS over the past half-century and could usher in a new paradigm for accelerator magnet technology. We begin with selected examples of LTS magnet technology in order to define the context for comparison with the challenges and potential of magnets built with HTS conductors.
Nb-Ti technology
The success of Nb-Ti over other candidate superconducting magnet materials was significantly enhanced by a number of developments that took advantage of the ease of fabrication compared with Nb 3 Sn despite a lower potential for achieving high fields. In 1971, a short paper described a ''compacted fully transformed cable'' produced at Rutherford Lab [6] . Now known as ''Rutherford cable'', this innovation transformed the accelerator magnet world and has been used in every successful accelerator magnet built to date. The basic enabling components of superconducting accelerator magnet technology were in hand, and in the 1970's a number of projects were launched. Among them were the ill-fated ISABELLE at Brookhaven [7] , IR quadrupoles for the ISR at CERN [8] , TRISTAN at KEK [9], the UNK storage ring in the USSR [10] and the Fermilab Energy Doubler (now referred to as the Tevatron) [11, 12] . Since the Tevatron (1983), through HERA (1991) [13] , RHIC (2000) [14] and finally the LHC (2008) [15] all large-scale hadron colliders were built using superconducting magnets based on Nb-Ti.
Tevatron
The rise of the application of superconductivity for accelerators was triggered by the success of the Tevatron, a collider for protons and anti-protons built at Fermilab. The Tevatron contained over 700, 6.1 m dipoles, with a 76 mm aperture operating at 4.6 K and 4.3 T, Fig. 4 . There were several notable advances pioneered by the Tevatron that later led to HERA, RHIC and the LHC. The Tevatron used the first fullscale magnets based on Rutherford cable, now a standard for accelerator magnets and drove the industrialization of Nb-Ti strand, eventually leading to a market based on MRI that now far exceeds the needs of HEP. Another major contribution was the introduction of collars to apply the required pre-stress to react against the Lorentz forces and prevent driving the conductor normal.
HERA
During construction of the Tevatron, the DESY laboratory in Hamburg embarked on the design of an electron-proton collider based on dipoles with aperture and field similar to the Tevatron (75 mm and 5 T), Fig. 5 . As opposed to the Tevatron dipoles that used a warm iron yoke, the HERA dipoles used cold iron, trading alignment issues for a larger cold mass and differential thermal expansion between the coil and support structure. The HERA strand had higher current density than the Tevatron but at the expense of larger filaments that created persistent currents affecting machine operation. This discovery drove future conductor development toward smaller superconducting filaments. HERA took the important step in industrializing magnet production, a non-trivial challenge.
SSC
The SSC was set to be the world's largest and most energetic particle accelerator. The ring circumference was 87.1 km (54.1 mi) with an energy of 20 TeV per proton. It would have greatly surpassed the current record held by the Large Hadron Collider which has a ring circumference of 27 km (17 mi) and energy of 6.5 TeV per proton. The dipole magnets, Fig. 6 , had a 50 mm bore and an operating field of 6.6 T at 4.5 K [16] . The project was canceled in 1993 due to budget problems.
RHIC
After the closing of the SSC, BNL used the tunnel originally planned for ISABELLE to build the Relativistic Heavy Ion Collider (RHIC). The tunnel was actually larger than what would originally be required for the machine, giving the magnet designers the flexibility to develop lower field (3.5 T) magnets at a lower cost. This was achieved by using a singlelayer coil with the iron close to the coil, thereby providing 30% of the bore field. A cross section of the cold mass is shown in Fig. 7 . They were also able to take advantage of the high-performance strand produced in the SSC R&D program. Similarly to HERA, the magnets were produced in industry.
LBNL D19
Training, the process by which a magnet climbs toward the predicted short sample current, was and still is a major concern for magnet performance. The LBNL D19 magnet design and performance is summarized here as one of the few examples of a magnet that exhibited very little training behavior.
In 1993, the same year that the SSC was canceled, LBNL built a dipole utilizing a unique support structure based on a very thin stainless-steel collar and an elliptical iron yoke as an alternative to the existing SSC dipole [17] . It had a 50 mm bore and identical 30 and 36 strand cables. The structure, designed for 10 T used a collar that provided only 10 MPa of pre-stress. The full pre-stress of 70 MPa was given by the iron yoke as opposed to the mainstream design at the time that used thick, stiff collars to generate and maintain pre-stress. The yoke was designed with a vertical, tapered gap controlled by an aluminum spacer to ensure that after cooldown there was no loss of pre-stress and the gap remained closed during full excitation. The cross section is shown in Fig. 8 .
